The mutation rate of Rous sarcoma virus (RSV) was measured. Progeny descended from a single virion were collected after one replication cycle, and seven regions of the genome were analyzed for mutations by denaturing-gradient gel electrophoresis. In all, 65,250 nucleotides were screened, yielding nine mutations, and the RSV mutation rate was calculated as 1.4 x 10-4 mutations per nucleotide per replication cycle. These results indicate that RSV is an extremely mutable virus. We speculate that the mutation rate of a virus may correlate inversely with the efrectiveness of vaccination against a given virus and suggest that prevention of retrovirus-mediated disease via vaccination may prove difficult. Viral variation may be the most important factor which limits the effectiveness of vaccine development against viral infection. Recent data have suggested that the amount of variation of a virus in nature can be correlated with its mutation rate (26) . Because of the emerging importance of retroviral infections in humans, it was of interest to determine the mutation rate of a representative retrovirus and to compare this value with that of other human RNA viruses.
correlate inversely with the efrectiveness of vaccination against a given virus and suggest that prevention of retrovirus-mediated disease via vaccination may prove difficult.
Viral variation may be the most important factor which limits the effectiveness of vaccine development against viral infection. Recent data have suggested that the amount of variation of a virus in nature can be correlated with its mutation rate (26) . Because of the emerging importance of retroviral infections in humans, it was of interest to determine the mutation rate of a representative retrovirus and to compare this value with that of other human RNA viruses.
Previous workers have studied variation of retroviruses (4, 6) and, although a precise mutation rate at the nucleotide level could not be calculated from these studies, the results obtained suggested that extremely high variability could arise in a population derived from a cloned virus over a relatively short period. In this study, we attempted to measure directly the mutation rate of the retrovirus Rous sarcoma virus (RSV) by screening for mutations arising over a single replication cycle. Denaturing-gradient gel electrophoresis, originally developed by Lerman et al. (21) and subsequently modified to detect point mutations in RNA molecules by Smith et al. (32) , was MATERIALS AND METHODS Cells. Chicken embryo fibroblasts (CEFs) were prepared from 10-day-old fertilized chicken eggs according to published methods (15) . CEFs susceptible to the Prague C strain of RSV (RSV Pr-C) were derived from eggs that were virus negative, chicken helper factor negative, and avian leukosis virus group-specific antigen negative (v-chf-gs-; SPAFAS, Inc., Norwich, Conn.). CEFs genetically resistant to RSV Pr-C infection were derived from fertilized chicken eggs that were the kind gift of W. E. Briles, Department of Biological Sciences, Northern Illinois University. The culture medium employed consisted of Hams F-10 medium (Hazelton Research Products, Inc.) supplemented with 10% tryptose phosphate broth, 5% calf serum, 6.6 mM sodium bicarbonate, 100 U of penicillin per ml, and 100 ,ug of streptomycin per ml.
Plasmids. pATV-8, a recombinant plasmid containing the RSV Pr-C genome cloned into pBR322 (19) , kindly provided * Corresponding author.
by J. Coffin of the Tufts University School of Medicine, was the source of RSV Pr-C sequences. Various regions of the RSV Pr-C genome were subcloned into plasmids containing RNA polymerase promoters for the purpose of the production of riboprobes. pGEM-4 (Promega Biotec, Madison, Wis.) and pIBI 31 (IBI) were used as cloning vectors. The following RSV Pr-C genomic fragments were subcloned from pATV-8; 256 to 520 into the SmaI-SphI site of pGEM-4 (pgagl); 520 to 1006 into the SmaI-SphI site of pGEM-4 (pgag3); 4068 to 4997 into the AccI-KpnI site of pGEM-4 (ppoll); 5257 to 5563 into the PstI-SmaI site of pGEM-4 (penv4); 5564 to 5837 into the PstI-SmaI site of pGEM-4 (penvl); 6440 to 6865 into the SacI-PstI site of pGEM-4 (penv3); 6983 to 7631 into the SalI-AvaI site of pGEM-4 (psrcl); 9238 to 9291 and 1 to 2318 into the EcoRI site of pIBI 31 (pGG-AMT3); 6285 to 9238 into the EcoRI-HindIII site of pIBI 31 (pE3S-MT7); and 2870 to 6085 into the HindlIl site of pIBI 31 (pPE14-AMT7). All plasmids were made by standard techniques, transfected into Escherichia coli HB101 or DH5-ac, selected by hybridization with radiolabeled nick-translated restriction fragments of pATV-8, and expanded, and the plasmid DNA was purified by the alkaline lysis method (23 With a 1-ml syringe containing less than 0.1 ml of 0.05% trypsin and 0.2 mM EDTA, colonies were picked and then added to a 2.5-cm dish of confluent susceptible CEFs containing 1 ml of liquid medium. Transformation of these dishes was monitored daily, and expansion of these dishes was performed as required.
RESULTS
Experimental strategy for determination of the RSV mutation rate. To determine the RSV mutation rate, variation within the progeny of a parental clone was examined after a single replication cycle. The denaturing-gradient electrophoresis was the gei full-length melting map of the virus genome. St dependent on the availability of the nucleotid For this study, the RSV Pr-C strain, whic completely sequenced by Schwartz et al. (29) , v expected melting progression along the dsDNA Pr-C was calculated as described by Lerman et abscissa in Fig. 2 (32) . The sensitivity of denaturingpolymerase 11 gradient gel electrophoresis for the detection of single-point mutations has been previously well characterized for both DNA (21) and RNA molecules (32) . Using a range of reverse sequenced mutants, these workers showed that heterodutranscriptase plexes between wild-type and mutant molecules are less thermodynamically stable than perfectly matched duplexes and undergo melting of mismatched domains at lower concentrations of denaturant. In both studies, all single-point mutations screened by heteroduplex analysis on denaturing gradient gels were accurately and easily detected.
Initial characterization of viral regions chosen for analysis. With the aid of the melting map, seven regions of the RSV Pr-C genome were chosen for further analysis (Fig. 2) Since the melting map only predicts the location of the vas used. An various domains, perpendicular denaturing-gradient gels form of RSV were used to determine experimentally the percent denatural. (21) . The ant at which melting of the domains of the RNA-RNA n within the duplexes occurred (Fig. 3 ). An Si-treated wild-type control i the temperheteroduplex for each region examined was loaded in a ,robability of single well spanning the width of the cathode edge of the gel. The mobility of the radioactively labeled dsRNA hybrid was examined at 65°C on a 6.5% polyacrylamide gel containing a linearly increasing gradient of denaturant from 0 to 100%. Electrophoretic migration of the dsRNA hybrid is from top to bottom (perpendicular to the denaturing gradient). By using the first inflection point of this curve, it is possible to estimate the percent denaturant at which melting of the lowest melting domain, predicted from the theoretical melting map, occurs.
Migration was from top to bottom, perpendicular to a denaturing gradient that increases from left to right. For example, Fig. 3A shows an analysis of the envi region. RNA molecules on the left side of the curve (below 50% denaturant) were double stranded, while molecules on the right side of the curve (above 55% denaturant) were completely melted. Molecules between these two extremes had a completely melted low-melting domain and an intact highmelting domain and migrated the most slowly. At the first inflection point of the experimental curve, melting of the low-melting domain, predicted from the theoretical melting map for the envi region, occurred. The perpendicular denaturing gels from the remaining regions showed patterns of various sigmoidal shapes (for example, the curves for the various env regions are shown in Fig. 3 ). The theoretical melting map was used to identify the location and extent of the lowest-melting domain for each region.
Isolation of the parental clone. The (Fig. 4) 4 . Screening parental candidates in the env4 region with parallel denaturing-gradient gel electrophoresis. RNA-RNA hybrids were constructed by using radioactively labeled minus-sense probes and viral RNA from parental candidates as described in Materials and Methods. All hybrids were initially examined for deletioninsertion mutations by using electrophoresis with 6.5% polyacrylamide gels. Hybrids for this region were then electrophoresed at 65°C on a gel containing a denaturant gradient (20 to 80%) parallel to the electric field. Patterns of migration for env4 were identical to those of the control hybrid (lane C). mobilities of their heteroduplexes on denaturing-gradient gels (see below), it appears that the chosen parental clone did in fact contain only wild-type provirus. It should also be noted that of the five clones which emerged as possible parental candidates, the one with the highest virus yield (approximately 2.5 x 103 FFU/ml) was chosen as the parent for this study.
Progeny generation and mutation rate calculation. A confluent dish of susceptible CEFs was infected at a multiplicity of infection of approximately 10'-FFU per cell with an original aliquot of the parental virus. After 4 h, cells were split into six 10-cm dishes and grown in soft agar. After 14 days, approximately 60 colonies were seen in each dish. Well-isolated colonies were picked and amplified. Virus was harvested from the supernatant of each of 58 progeny colonies, and viral RNA was examined for mutation. Nuclease S1 analysis of RNA duplexes for the seven subcloned regions did not detect any insertion-deletion mutations. Further analysis was then performed by using denaturinggradient gel electrophoresis (see Fig. 5 ). As previously discussed, only the low-melting domains of each region can be analyzed by this method, and from the theoretical melting maps, the target size for each of these domains is known. The data are summarized in Table 1 . In all, 65,250 nucleotides of the RSV genome of 58 progeny RNA were analyzed, with the detection of nine mutations, located within selective regions of the gag, env, and src genes. No mutations were detected in the 3' region of the pol gene and two regions of the env gene. Sequence analysis of a chosen mutant (that showed retarded migration of the envi probe) confirmed that we were in fact detecting single-base mutations (data not shown).
The overall mutation rate for the virus was calculated by using the formula: mutation rate = 9 mutations per 65,250 nucleotides per replication cycle = 1.4 x 10-4 mutations per nucleotide per replication cycle.
DISCUSSION
We report here a method that has allowed the rapid and direct measurement of the mutation rate of a retrovirus. Progeny descended from a single virion after one replication cycle were collected, and seven different regions of the genome were analyzed for mutations. CEFs were infected at a low multiplicity of infection, thus avoiding the possible amplification of defective particles which could drive virus evolution (33) and lead to an erroneous calculation of the RSV mutation rate. In all, 65,250 nucleotides were screened, with the detection of nine mutations. The RSV mutation rate was calculated as 1.4 x 10-4 mutations per nucleotide per replication cycle. Since provirus replication does not appear to be error prone (18) , we attribute this rate to mutations incurred during the replication of the RSV genome by RNA polymerase II or reverse transcriptase or both. Our experimental design, however, did not allow us to dissect the proportion of mutations contributed by each enzyme alone.
The use of denaturing-gradient gel analysis allowed several sites throughout the genome to be screened for mutations, overcoming any bias which may be due to the existence of regions of differential variability within viral genomes. An extreme example of such variability is the bacteriophage T4 rII locus, in which 104-fold differences in mutation frequencies were observed for single nucleotides at different sites in the gene (28) . Additionally, there are many reports demonstrating that different regions of viral genomes can exhibit different levels of variability in nature (for reviews, see references 31 and 35). Thus, studies analyzing only a small portion of a viral genome may give skewed estimates of the mutation rate of that virus. In this study, mutations were detected only within certain regions of the gag, src, and env genes. The region of the env gene in which we observed mutations corresponds to a region of the gp85 protein reported to be extremely variable among different strains of avian sarcoma and leukosis viruses (2, 5) . In the pol gene, we analyzed a region corresponding to the putative zinc-binding site of the retroviral endonucleases (17) . Interestingly, although we analyzed the greatest number of nucleotides for this region, no mutations were detected. However, the numbers of mutations detected in each region are too small to conclude whether their distribution is nonrandom. We did not detect insertion-deletion mutation by nuclease S1 analysis in any region. This Studies in which recombinants were selected for by phenotypic changes have shown that although the frequency of recombinants in chf-cells was very low (less than 1 virion in 105), up to 5% of RSV progeny have been shown to be recombinant for an endogenous viral envelope marker after passage through chf+ cells (38) . Therefore, although our calculation of the mutation rate for a retrovirus is already very high, it may in fact be much higher in cells expressing large amounts of endogenous viral RNA. Also, because the experiments described in this report selected for the production of viable transforming virus, mutations that would produce nonviable progeny would not be detected. Therefore, the mutation rate presented here should be considered a minimum mutation rate.
It should also be noted that during the generation of progeny colonies, there can be a cycle or two of reinfection of the initially infected clone of cells, leading to more than one provirus in the clones so derived. However, if following insertion of a wild-type provirus, a mutation occurred in a second or subsequent round of infection and gave rise to a mutant provirus, a mixture of both wild-type and mutant virus would be produced. Therefore, a strong band on the denaturing-gradient gels representing the wild-type virus would be present as well as secondary retarded bands due to the mutant(s). However, as can be seen in Fig. 5 , progeny characterized as mutants were those that gave a single dominant band of retarded mobility on a denaturing-gradient gel in the absence of a wild-type band. Therefore, the mutants detected in this study are most likely those that arose during a single cycle of replication.
Previous studies on variation in retroviruses have been undertaken. An in vitro error rate for reverse transcription of a DNA template from a mutant bacteriophage has been measured to be approximately 10-3 mutations per nucleotide polymerized (11) . This high error rate, however, may not be able to be extrapolated to in vivo conditions. In another study, Coffin et al. (4) repeatedly passaged the Prague B strain of RSV undiluted from one cell culture to another and used oligonucleotide fingerprint analysis to determine the variability of the virus. A frequency on the order of 3 x 1O-4 bases per passage of virus was found, but because of the complexity of this system, this number cannot be used to develop a precise mutation rate (3) . Most recently, Dougherty and Temin (6) employed a spleen necrosis virus-based vector that contained less than 1 kilobase of retrovirus sequences and two dominant selectable genes to estimate a mutation rate. By monitoring for changes in expression of these selectable genes, they calculated that 0.5% mutant virions arose after a single replication cycle. This study, however, did not permit a precise calculation of the mutation rate in terms of mutations per nucleotide per replication cycle, because the target size for mutation was not known. Nevertheless, the results from these studies do predict high variability in cloned retroviral populations, which is consistent with our results.
RNA viruses generally exhibit much higher variation in nature than do organisms that contain a DNA genome, and it has been postulated that this observation may be explained by the lack of fidelity of RNA polymerases (16 (37) for the in vitro transcription of homopolymeric RNA templates by purified poliovirus RNA polymerase (which ranged from 7 x 10-4 to 5.4 x 10-3 noncomplementary nucleotides incorporated per total nucleotides incorporated, depending on the reaction conditions). This discrepancy probably reflects the difference between in vivo and in vitro reaction conditions. Durbin and Stollar (7) assessed virus variability by estimating the frequency of reversion of a particular Sindbis virus host-restricted mutant. Direct sequencing analysis of the E2 gene of revertants allowed them to estimate a mutation rate of <10-6 errors per base incorporated, but they could not exclude the formal possibility that a second mutation outside the E2 gene might be involved in reversion to the ts+ phenotype and consequently affect their reversion frequency estimate. Thus, the above results indicate that mutation rates are indeed high for RNA viruses (16) (26) suggested that the higher mutation rate found for influenza A virus may be responsible for generating the diversity required for the rare event in which a mutant that could escape neutralization in a previously immunized host is produced. Our determination of the RSV mutation rate (which is approximately 9 and 65 times higher than those estimated for influenza A virus and poliovirus, respectively) indicates that RSV is an extremely mutable virus. This finding, in association with the reports of rapid rates of evolution for human immunodeficiency virus (12) , Moloney murine sarcoma virus (9) , and RSV (10) , predicts that the high mutation rate of the retroviral genomes may be the source of their accelerated evolutionary rates. If mutation rates can indeed be correlated inversely with the effectiveness of vaccination against a given virus, these results suggest that prevention of retroviral-mediated disease via vaccination may be difficult.
